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Heavy ions channeled through crystals with multi-GeV kinetic energies can create electron–positron 
pairs. In the framework of the ion, the energy of virtual photons arising from the periodic crystal 
potential may exceed the threshold 2mec2. The repeated periodic collisions with the crystal ions yield 
high pair production rates. When the virtual photon frequency matches a nuclear transition in the ion, 
the production rate can be resonantly increased. In this two-step excitation-pair conversion scheme, 
the excitation rates are coherently enhanced, and scale approximately quadratically with the number 
of crystal sites along the channel.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.The creation of particle–antiparticle pairs from vacuum [1]
is one of the most intriguing features of quantum ﬁeld theory. 
A broad variety of pair creation (PC) mechanisms have been pre-
dicted and experimentally observed, e.g., in intense optical or x-
ray ﬁelds [2–13], in ion–ion [14–18], ion–photon [19] and ion–
electron [20] collisions, including the bound–bound pair produc-
tion in collisions of relativistic nuclei and anti-nuclei [21]; in toka-
mak plasmas [22], electron channeling [23,24], as well as in astro-
physical environments such as, e.g., pulsars [25]. In projected ex-
periments at the Facility for Antiproton and Ion Research (FAIR), it 
will be possible to study PC in the Coulomb ﬁeld of heavy ions dur-
ing their collision [26,27]. Positrons are used in various ﬁelds such 
as antimatter experiments [28,29], surface science [30,31], plasma 
physics [32], and Bose–Einstein condensation [33]. Therefore, their 
production mechanisms need to be understood. Pair creation pro-
cesses also provide a unique insight into the dynamical structure 
of the quantum electrodynamic vacuum.
An alternative mechanism of electron–positron PC in ion chan-
neling through a crystal was proposed in Ref. [34], allowing to 
signiﬁcantly increase the rate of created pairs due to coherent in-
teraction with the crystal ions [see Fig. 1(a)]. In this Letter we put 
forward the general consideration of pair production in ion chan-
neling through a crystal which involves not only the direct pair 
production but also pair production via nuclear excitation. This 
may lead to the production of monochromatic positrons for dif-
ferent applications. In the reference frame of the traveling ions, 
the electromagnetic ﬁeld of the periodic crystal structure may be 
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SCOAP3.Fig. 1. (a) Schematic view of the bound–free pair production in heavy ion channel-
ing. (b) Typical behavior of the virtual photon spectrum of the crystal. ω is in units 
of keV. Diagrams for (c) direct production by an equivalent photon and (d) pair cre-
ation proceeding through nuclear excitation in the background crystal ﬁeld.
regarded as a ﬁeld of virtual photons with well-deﬁned, equidis-
tantly spaced discrete frequencies. For suﬃciently fast ions, these 
frequencies may extend into the MeV range, surpassing the PC 
threshold. In a direct channeling PC process, at all photon ener-
gies above this threshold value, a free–free or bound–free pair can 
be created; in the latter case, the electron is directly created in a 
bound state of the ion [34]. In addition, when the virtual-photon 
frequency matches a nuclear transition in the channeled ion, a 
two-step resonant process may occur, in which ﬁrst the nucleus is 
excited, then it decays by internal pair conversion. After multiple  under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Cross sections (in barn) for direct bound–free/free–free pair production by a bare channeled ion with a charge Z . γ is chosen such that the energy ω′
(the maximum of the direct bound–free pair production cross section, following Ref. [19], in MeV) matches the crystal ﬁeld harmonic ωn for n = 6. 
Furthermore, N = 100, and a[b] stands for a × 10b .
Z ω′ γ σ chanPC σ
coll
PC σPC
1 3.2 123 8.3[−6]/1.1[3] 8.3[−8]/1.2[1] 2.8[−10]/7.6[−10]
25 3.1 119 4.5[1]/7.0[5] 4.5[−1]/7.2[3] 1.3[−3]/3.4[−3]
50 3.1 119 1.0[3]/2.8[6] 1.0[1]/2.9[4] 2.6[−2]/6.8[−2]
75 1.5 59.3 4.9[3]/5.7[6] 4.9[1]/5.8[4] 1.7[−1]/7.5[−2]
92 1.5 59.3 1.3[4]/8.6[6] 1.3[2]/8.7[4] 4.6[−1]/2.1[−1]interfering periodic interactions of the channeled heavy ion with 
the crystal sites, PC occurs with signiﬁcantly enhanced probability 
as compared to the collision of single ions. PC with channeled ions 
may also be regarded as a feasible alternative to photo-production 
with a currently non-existing intense coherent gamma-ray ﬁeld.
Atomic and nuclear resonant excitations in channeling were 
ﬁrst described by Okorokov [35,36]. Recently, resonant coherent 
excitation (RCE) of ions was experimentally investigated [37–43], 
with ions as heavy as 238U89+ [37] and transition energies as high 
as 6.7 keV [38]. These experiments are planned to be extended to 
the 100-keV excitation of hydrogenlike 238U91+ [44,37], i.e. to GeV 
ion kinetic energies. Therefore, it is reasonable to anticipate that 
further developments will enable the MeV excitation energy range 
of PC. A general formalism for atomic excitations is presented in, 
e.g., Refs. [46–48], while in Refs. [49,50], a framework suitable for 
describing nuclear excitation in channeling has been developed. 
Crystal-assisted PC by synchrotron radiation gamma photons has 
been theoretically investigated in Ref. [51]. In this process, only 
free leptons can be produced, thus, in contrast to our case where 
one uses the coherent interaction of the channeled ion with virtual 
photons, the advantage of resonances in the mode density of the 
crystal cannot be exploited. The two cases of direct and nuclear-
resonant PC are schematically presented in Fig. 1(c) and (d), re-
spectively. Electromagnetic processes in channeling can be effec-
tively described by introducing the notion of equivalent photons of 
the crystal ﬁeld (see, e.g., [50]). The spectral density of these vir-
tual photons of angular frequency ω can be derived [49] in the 
case of axial channeling by the help of the classical Weizsäcker–
Williams method [52–54]. This approximation is valid in the ultra-
relativistic case, i.e. when the Lorentz factor γ ≡ 1/√1− v2/c2  1
(with v being the ion velocity and c the speed of light), and results 
in the spectral density
dn(γ ,ω)
dω
= I2(ω)
vh¯ω(2π)4
sin2
(
ωaN
2γ v
)
sin2
(
ωa
2γ v
) e−( ωδγ v )2
+ I2(ω)
vh¯ω(2π)4
N
(
I1(ω)
I2(ω)
− e−
(
ωδ
γ v
)2)
. (1)
Here, h¯ stands for the reduced Planck constant and a denotes the 
lattice constant. δ stands for the amplitude of thermal oscillations, 
including here the effects of heat motion of atoms in the crystal. 
It is calculated by means of the Debye theory [50]. N , the number 
of atoms in a crystal channel, is typically 103–104 in channeling 
experiments. The integrals I1 and I2 are given by
I1(ω) =
∫
dk⊥k2⊥V 2k , I2(ω) =
∫
dk⊥k2⊥V 2k exp
−k2⊥δ2 ,
with the 2-dimensional transverse wave vector k⊥ with k2⊥ =
k2 −
(
ω
γ v
)2
, and Vk being the Fourier transform of a single atom’s 
potential in the crystal. It follows from Eq. (1) that at the energies ωn = 2πnγ v/a, n ∈ [1,2,3, . . .], the virtual photon spectrum ex-
hibits maxima proportional to N2 [see Fig. 1(b)]. The resonance en-
ergies ωn can be experimentally tuned by choosing the proper γ . 
Due to restrictions caused by thermal vibrations of the lattice 
atoms, typically harmonics with n < 10 are used [55]. The case 
of planar channeling can be achieved by change of the crystal pa-
rameter a to the effective size depending on the channeling angle.
Direct PC process. In this process, illustrated in Fig. 1(c), the out-
going positrons possess a continuous spectrum for free–free PC, 
and a monochromatic energy in the bound–free case. We deﬁne, 
following [49], the cross section-like quantity σ chanPC of PC via chan-
neling as the convolution of the virtual photon density with the 
cross section σPC of PC by a real photon:
σ chanPC (γ ) =
∫
dωσPC(ω)
dn(γ ,ω)
dω
, (2)
where σPC(ω) can either represent the cross section of bound–free 
(bf) or free–free (ff) PC. The number of pairs created in unit time 
can be expressed as N˙chanPC = Sσ chanPC /a2, with S being the cross 
sectional area of the ion beam and  its ﬂux. The cross section for 
bound–free PC in the Coulomb nuclear ﬁeld by an external pho-
ton can be found in Ref. [19] and in the Supplementary Material. 
It is calculated in an approach which neglects the interaction of 
the created particles with the periodic ﬁeld. However, this approx-
imation can be employed because, for the high frequencies present 
here, the classical non-linearity parameter ξ0 = eEmω [4], written in 
terms of the crystals electric ﬁeld strength E in the framework of 
the ion and the unit charge e, is much less than unity. Being the 
cross section of bound–free pair production, σPC,bf has an energy 
threshold at 2mec2 − Eb, with Eb being the binding energy of the 
created electron. In [19] it has been shown that σPC,bf increases af-
ter this threshold with the photon energy up to a given maximum, 
whose position and value depend on the nuclear charge.
In Table 1 we present cross-section values for direct PC for dif-
ferent charges Z of the ion channeling in an Au crystal, at the 
energy ω′ corresponding to the maximum of the direct bound–free 
PC cross section. As an example, we chose the ion Lorentz factors 
γ such that the 6th harmonic of the virtual photon density (1)
matches the cross section maximum, i.e. ω′ = ωn=6. The advan-
tage of using heavy ions is justiﬁed by the following scaling law: 
the cross section σPC scales with the charge number as ∝ Z5−	 , 
0 ≤ 	 ≤ 1, [19] and the Z -scaling of σ chanPC is given by that of σPC
[see Eq. (2)]. At high virtual photon energies, the PC cross section 
decreases and vanishes asymptotically. σ chanPC is compared to the 
cross section σ collPC of the PC in a single Coulomb collision process 
(estimated from the channeling cross section with the substitution 
of N = 1), and with the cross section σPC of photo-production in 
the nuclear Coulomb ﬁeld [19]. In both cases, one can see a signif-
icant increase. The cross sections can be translated to pair creation 
rates: assuming e.g. the low ion intensity of 2000/s used in the ex-
periment of Ref. [37] and a thin crystal with N = 1000, one obtains 
N˙chanPC,ff to be on the order of 10 pair/s for heavy ions.
One may deﬁne a ratio R(γ ) of the cross section of the co-
herent interaction with N atoms to the incoherent one as follows: 
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(
Nσ collPC (γ )
)
. This parameter measures the co-
herence in the channeling process. For the cases shown in Table 1, 
R is practically equal to unity, showing that there is no enhance-
ment due to coherence for direct PC via channeling. This is ex-
plained by the broadness of the continuous spectrum of photons 
which can create a pair, as compared to the distance between two 
neighboring photon density peaks 2γ v/a [see Eq. (1)]. In other 
words, the coherence length of photoproduction is much shorter 
than the Lorentz-contracted interatomic distance a/γ .
As Table 1 shows, high ion kinetic energies are needed to meet 
the resonance conditions for the virtual-photon energies required 
for direct PC by ion channeling. Such energies can be reached, e.g., 
by the projected FAIR accelerators [27] or in the Large Hadron Col-
lider [56]. A possible way to reduce the required ion kinetic energy 
is to use higher crystal-ﬁeld harmonics. This may be more feasible 
at high ion energies than at the low energies of the RCE experi-
ments performed thus far [37–43], because fast ions interact less 
with the crystal electrons, suppressing decoherence.
PC proceeding via nuclear resonances. The cross section of the ﬁrst 
step of the process shown on Fig. 1(d), namely, the RCE of the 
nucleus passing through the crystal, can be given as [49,50]
σ chanN (γ ) =
∫
dωσN(ω)
dn(γ ,ω)
dω
, (3)
with the cross section of nuclear excitation with a real photon of 
angular frequency ω,
σN(ω) = gπc
2
ω20

2rad
h¯2(ω −ω0)2 + 
2/4
, (4)
where h¯ω0 is the nuclear excitation energy. The statistical factor 
g = (2I f + 1)(2Ii + 1) depends on the angular momenta Ii (I f ) 
of the initial (ﬁnal) nuclear states, 
 is the total width of the ex-
cited nuclear level, and 
rad is its radiative width. To obtain the 
cross section for the total two-step process of ion excitation–de-
excitation by PC, σ chanN is multiplied by the coeﬃcient of pair con-
version. We introduce this coeﬃcient βbf for the bound–free case 
to be the ratio of the transition probabilities of PC and radiative de-
cay: βbf ≡ Pbf/P rad. This is possible in the non-penetration approx-
imation, where the overlap of the bound-electron wave function 
with the nuclear volume is neglected. This simpliﬁcation is gener-
ally used in calculations of properties related to the interaction of 
free or shell electrons with the nucleus [57,58]. This approximation 
is implemented to obtain this factorization, and one can still use 
ﬁnite-nuclear-size wave functions for the calculation of the proba-
bilities Pbf and P rad. One obtains (see Supplementary Material) the 
following expressions in dependence of the corresponding nuclear 
transition multipolarity, i.e., the angular momentum L′ and parity 
of the transition:
β EL
′
bf =
∑
κκ ′
4παω
mc2
s|κκ ′|
L′(L′ + 1)
× |(κ − κ ′)(R3 + R4) + L′(R1 + R2 + R3 − R4)|2 ,
βML
′
bf =
∑
κκ ′
4παω
mc2
s|κκ ′|
L′(L′ + 1) |(κ + κ
′)(R3 + R4)|2 . (5)
Here, κ and κ ′ are Dirac angular momentum quantum numbers. 
The symbol s and the radial integrals R1, . . . , R6 are deﬁned in the 
Supplementary Material as in [57], with the analytical form of the 
fermionic Coulomb wave functions for bound and free particles. 
All results are obtained for the 1s electron orbital having a maxi-
mal overlap with the nucleus. Equation (5) can be adapted to the 
free–free case (βff) in a straightforward manner.Fig. 2. (a) The preferred 3-level scheme and (b) the level scheme for one of the 
possible elements, 168Er.
Table 2
Nuclear data for different elements corresponding to the level scheme introduced at 
Fig. 2(a). Energies are given in units of keV. Nuclear data in rows 1–6 are from [59].
168Er 72Ge 115Sn
EN1 1094 691.4 612.8
EN2 1542 1464 1416.9
EN3 79.8 0 0
τ1 109 ns 444 ns 3.26 μs

 (meV) 0.082 0.15 1.88
BN2→N3 0.0058 0.124 0.739
βbfN2→N3 · 104 9.3 0.55 2.0
β ffN2→N3 · 104 0.77 0.74 0.52
The cross section of the two-step nuclear excitation-pair con-
version (NEPC) is then
σ chanNEPC(γ ) = σ chanN (γ )Bβ , (6)
where B is the branching ratio of the gamma decay corresponding 
to the PC transition, and β = βbf or βff . This factorization is valid 
since the process evolves through a certain nuclear state, in the 
vicinity of which there are no further levels within its linewidth. 
One can see in Eq. (6) that the cross section for the excitation 
σ chanN and the rate for the de-excitation β are independent and, 
in principle, may correspond to different transitions to/from some 
excited nuclear state N2. We may rewrite as
σ chanNEPC(ω
N1→N2
1 ,ω
N2→N3
2 ) =
σ chanN (ω
N1→N2
1 )B
N2→N3βN2→N3(ω2) . (7)
Levels N1, N2 and N3 are depicted on the three-level scheme of 
Fig. 2(a). The energy ωN2→N32 has to exceed the bound–free PC 
threshold 2mc2 − Eb . The excitation energy ωN1→N21 is not re-
stricted, however, from an experimental point of view it is prefer-
able to utilize here a transition with a lower energy to have the 
nuclear excitation at realizable γ -s. It is more advantageous for 
level N1 to be metastable, in order to be able to prepare the nuclei 
in this state before injecting them into the crystal. One of the pos-
sible elements is 168Er, with its level scheme shown in Fig. 2(b). 
Results for the pair conversion coeﬃcients β for this isotope, to-
gether with data for other potentially suitable elements, 72Ge and 
115Sn, are given in Table 2.
Once the nuclear transitions involved and the type of crystal 
are deﬁned, the only variable parameters are the thickness of the 
crystal determined by the number of crystal atoms N , and the 
harmonic order n. The dependence of the ion kinetic energy, con-
nected with γ , and of the excitation cross section σ chanN on n at a 
certain value of N is presented in Table 3. The largest cross sec-
tion is reached at the fundamental frequency, however, the cross 
section decreases only slowly with increasing n, therefore, it is 
again preferable to tune the γ factor to higher harmonics. Peak 
values of the coherent enhancement factor R are also given in 
Table 3. R only weakly depends on the element and the transi-
tion, and is mostly inﬂuenced by the harmonic order n, and by N . 
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The dependence of the ion’s γ factor and the excitation cross section σ chanN (in 
barn) on the harmonic order n at certain value of N = 100 for different ω1. The last 
column gives the ratio R , which, for all narrow transitions (i.e. those with a line 
width below the bandwidth of the virtual photon spectrum) depends practically on 
n only and not on the nuclear properties.
ω1 =
168Er 72Ge 115Sn
447.6 keV 772.6 keV 807.1 keV
n γ σ chanN γ σ
chan
N γ σ
chan
N R
1 104 8.2 180 0.023 188 1.8 69
2 52 7.2 90 0.020 94 1.6 66
4 26 6.2 45 0.018 47 1.3 63
6 17 5.7 30 0.016 31 1.2 61
8 13 5.3 22 0.015 23 1.1 59
10 10 5.0 18 0.014 19 1.1 57
Fig. 3. The ratio R(γ ) for the case of 447.6-keV transition in the 168Er nucleus. Here, 
N = 1000, and n = 10.
The dependence of R on γ is shown in Fig. 3 for the case of the 
EN2 − EN1 = 447.6-keV transition in 168Er. The ﬁgure shows that, 
for a crystal as thin as 1000 atoms, which is typically used in ex-
periments [37], one can achieve a coherent PC enhancement by 3 
orders of magnitude. Employing the high-energy ion beams (up to 
33 GeV/u or γ = 35) provided by the FAIR facility in the near fu-
ture [27], one can investigate all elements in Table 3. According to 
the Bethe–Bloch formula, the energy transfer to a crystal for GeV 
ion kinetic energies is much smaller than for MeV energies [45], 
leading to further suppressed crystal damage.
Another relevant feature of the nuclear excitation cross section 
σ chanN is its dependence on N , the number of ion sites along the 
channel. We observe a signiﬁcant – quadratic – enhancement of 
the cross section with the increase of N . While we operate with 
thin crystals at high kinetic energies of channeled ions, the amount 
of non-linear ion trajectories was negligible. Employing a thicker 
crystal with higher N is experimentally limited by restrictions due 
to deviations from a straight ion trajectory in the crystal. One may 
provide Monte-Carlo simulations to model the ion trajectories for 
more detailed predictions, if it would be necessary to further in-
crease of the thickness. The total cross section of the two-step 
process NEPC can be calculated by Eq. (7), using data from Ta-
bles 2 and 3 (see also Supplementary Material). The number of 
created pairs per unit time is also proportional to N2. We note that 
in principle quantum interference between the resonant and non-
resonant channels may occur. However, as PC via a nuclear reso-
nance restricts the contributing excitation multipolarities, interfer-
ence terms are largely suppressed, similarly to the case of Ref. [58].
Summary. Direct PC and PC via nuclear excitation in heavy ion 
collisions can be signiﬁcantly enhanced by multiple periodic col-
lisions in a crystal channeling experiment. The direct process is 
associated with high inherent creation rates increasing approxi-
mately linearly with the number of crystal sites in the channel. 
As for PC proceeding via nuclear resonances which typically have 
lower probabilities, the coherent nature of the excitation process yields a quadratic scaling with the number of collisions, resulting 
in observable PC rates. These studies complement PC by different 
strong electromagnetic ﬁelds such as optical or x-ray lasers [5], and 
the scheme may be utilized for the generation of monochromatic 
positrons. The ion kinetic energies required for such investigations 
can be reached by present and upcoming experimental facilities, 
such as, e.g., FAIR [60], and the challenging observation of these 
processes may be possible in future.
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